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Abstract.

The sensitivity of the soil dust aerosol cycle to the radiative forcing by soil dust
aerosols is studied. Four experiments with the NASA/GISS atmospheric general
circulation model, which includes a soil dust aerosol model, are compared, all using
a prescribed climatological sea surface temperature as lower boundary condition. In
one experiment, dust is included as dynamic tracer only (without interacting with
radiation), whereas dust interacts with radiation in the other simulations. Although
the single scattering albedo of dust particles is prescribed to be globally uniform in the
experiments with radiatively active dust, a different single scattering albedo is used in
those experiments to estimate whether regional variations in dust optical properties,
corresponding to variations in mineralogical composition among different source regions,
are important for the soil dust cycle and the climate state. On a global scale, the
radiative forcing by dust generally causes a reduction in the atmospheric dust load
corresponding to a decreased dust source flux. That is, there is a negative feedback in
the climate system due to the radiative effect of dust. The dust source flux and its
changes were analyzed in more detail for the main dust source regions. This analysis
shows that the reduction varies both with the season and with the single scattering
albedo of the dust particles. By examining the correlation with the surface wind, it
was found that the dust emission from the Saharan/Sahelian source region and from
the Arabian peninsula, along with the sensitivity of the emission to the single scattering
albedo of dust particles, are related to large scale circulation patterns, in particular

to the trade winds during Northern Hemisphere winter and to the Indian monsoon



circulation during summer. In the other regions, such relations to the large scale
circulation were not found. There, the dependence of dust deflation to radiative forcing
by dust particles is probably dominated by physical processes with short time scales.
The experiments show that dust radiative forcing can lead to significant changes both in
the soil dust cycle and in the climate state. To estimate dust concentration and radiative
forcing by dust more accurately, dust size distributions and dust single scattering albedo
in the model should be a function of the source region, because dust concentration and

climate response to dust radiative forcing are sensitive to dust radiative parameters.



1. Introduction

The effect of tropospheric aerosols on the global climate via direct or indirect
radiative forcing is one of the largest uncertainties in climate change studies [Shine and
de F. Forster, 1999]. Among these aerosols, soil dust is a potentially important climate
forcing factor due to its high optical thickness: 30% of the aerosol optical thickness is
estimated to be caused by soil dust aerosols; roughly half of the current atmospheric
dust load is estimated to be anthropogenic in origin [Tegen and Fung, 1995; Tegen et al.,
1996]. Although the highest dust concentrations are found over land, observations by
direct measurements [Prospero, 1996), satellite retrievals [Moulin et al., 1997; Herman
et al., 1997; Husar et al., 1997], and model experiments [Tegen and Fung, 1994, 1995]
have revealed that a dust plume can extend thousands of kilometers offshore in certain
regions. Dust aerosols dominate the light scattering downwind of the dust source regions
[Tegen and Lacis, 1996; Li et al., 1996]. For example, Alpert et al. [1998] estimated that
at 30 dusty days per year, the presence of dust leads to a heating rate of about 6 K per
year in the lower atmosphere over the eastern tropical North Atlantic Ocean. In addition
to its radiative effect, soil dust may also impact atmospheric chemistry by providing
surfaces for heterogeneous chemical reactions [Dentener et al., 1996; Tabazadeh et al.,
1998].

The soil dust cycle has been studied using off-line transport models to test source
and sink parameterizations of soil dust [ Wefers and Jaenicke, 1990; Tegen and Fung,

1995; Marticorena and Bergametti, 1996; Schulz et al., 1998]. Other studies include



dust as a tracer in a general circulation model (GCM) [Joussaume, 1990; Genthon,
1992; Tegen and Miller, 1998], the former mainly to simulate dust distributions under
paleoclimate conditions. However, those studies did not include the radiative effect of
dust on climate dynamics. The climate response to dust forcing has been addressed in
only very few studies so far [Coakley and Cess, 1985; Miller and Tegen, 1998]. However,
those studies used prescribed dust distributions that could not be modified by changes
in the soil dust cycle caused by the model dynamics. Other studies emphasized the great
uncertainty of the radiative forcing by dust due to its sensitivity to radiative parameters
such as single scattering albedo [Liao and Seinfeld, 1998; Claquin et al., 1998; Sokolik
and Toon, 1999; Miller and Tegen, 1999)].

In this paper, we present new results of our work to assess the climate impact of
soil dust aerosols using the National Aeronautics and Space Administration/Goddard
Institute for Space Studies (NASA/GISS) atmospheric GCM (AGCM). There are
two predecessor studies [Tegen and Miller, 1998; Miller and Tegen, 1998] which are
continued here. In Tegen and Miller [1998] soil dust was included as a dynamic tracer,
but the radiative effect of dust was not taken into consideration. In Miller and Tegen
[1998] the radiative effect was examined using a prescribed soil dust aerosol distribution.
In the current study, both approaches are combined. In the GISS AGCM, soil dust
is included as a dynamic tracer whose distribution is a function of various climate
variables. Radiative forcing by dust changes the climate variables in the model such
as the surface wind and rainfall, which in turn influence dust emission, transport, and

deposition. That is, the soil dust aerosol model is fully coupled with the other climate



variables in the AGCM.

Dust optical properties should vary with the mineralogical composition of the
source region. However, for simplicity, and to minimize the computational burden, we
assign the optical properties of all source regions using measurements of far-traveled
Saharan dust according to Tegen and Lacis [1996]. Because the top of atmosphere
(TOA) radiative forcing of Saharan dust is coincidentally poised between heating and
cooling of the column [Miller and Tegen, 1999], our choice may underestimate the effect
of dust on climate. Thus we carried out sensitivity experiments with varying radiative
properties of the dust particles, represented by the single scattering albedo @ of dust.
The sensitivity of our results to single scattering albedo will indicate the importance
of parameterizing the optical properties of each dust source region separately. In this
paper, the analysis emphasizes the modifications of the soil dust aerosol cycle due to
radiative forcing by dust, as well as its sensitivity to the radiative properties of the dust
particles. The climate impact of interactive dust will be inspected in a companion study,

although the global averaged effect of dust upon climate is briefly discussed in section 6.

2. Model and Experiments

The soil dust aerosol model embedded in the GISS AGCM is described in detail in
Tegen and Miller [1998]. In this model, the soil dust particles are partitioned in 4 size
classes (< 1um, 1 — 2pm, 2 — 4 pm, 4 — 8 um), which are carried as separate tracers.
Particles smaller than 1 um are transported as one class because they are not strongly

fractionated by gravitational settling. Particles larger than 8 um are responsible for only



about 1% of the dust radiative forcing [Tegen et al., 1996]. The surface distributions
of clay (particles smaller than 1 um) and small silt (particle radius between 1 um and
10 um) were derived from a global soil texture data set [Zobler, 1986; Webb et al., 1991].
The dust deflation is parameterized according to Gillette [1978]. It is proportional
to the cube of the surface wind speed, with the constraint that the speed must exceeds

a threshold velocity,

da = C(u — uy)u?, (1)

where ¢, is the dust flux from the surface in ugm=2s7!, u is the surface wind speed in
ms~!, and uy, is the threshold velocity. C is a dimensional constant which amounts
to 2pugs™>m~° and 5 ugs~?m™® for clay, and silt, respectively. The threshold velocity
varies between 4 and 10 ms~! depending on the location. The variations are designed to
partly account for subgridscale wind variability [Tegen and Miller, 1998]. In addition,
dust emission only can occur, when the soil moisture is low. To fulfill this condition in
the model, the evaporation in a grid box must exceed precipitation for a certain time
period which depends on the soil texture. In addition, dust deflation is only allowed in
desert or sparsely vegetated areas labeled by Matthews [1983], as well as from disturbed
soils which are affected by deforestation, cultivation in dry regions, wind erosion, and the
shift in the Saharan/Sahelian boundary [Middelton, 1992; World Resources Institute,
1992; Tucker et al., 1991].

Dust removal takes place by gravitational settling, turbulent mixing in the first



model layer, and subcloud wash-out which is calculated using AGCM precipitation. The

efficiency of the dust removal by rain is described using the scavenging ratio Z,

Z = Crain/cairy (2)

where C,i, is the dust concentration in rain in grams of dust per kilogram of
rainwater and C,;, is the aerosol concentration in air in units of grams of dust per
kilogram of air. Here, a scavenging ratio of 700 is used according to Tegen and Fung
[1994).

The updated version of the GISS AGCM [Hansen et al., 1983], in which the soil
dust model was implemented, has a horizontal resolution of 4° x 5° and 12 vertical layers.
The AGCM version used here has a new convection/cloud scheme and ground hydrology
parameterization [DelGenio et al., 1996; Hansen et al., 1997). Dust radiative effect was
calculated with the GISS AGCM radiation model (k-distribution, doubling-adding).
Radiative parameters for the different particle sizes were determined via Mie-calculations
using refractive indices for far-traveled Saharan dust from Volz [1973] and Patterson
and Gillette [1977]. For the calculation of dust radiative effect, the submicron size class
was further subdivided into 4 size classes according to Tegen and Lacis [1996].

Four experiments were carried out using both a prescribed climatological sea
surface temperature (SST) and sea ice distribution as a lower boundary condition.
Preliminary studies with a mixed layer ocean as a lower boundary show that the climate

response to dust over land is similar to integrations using fixed SSTs; therefore, we do
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not expect significant changes to the results presented here were SST to be calculated.
In one of the four experiments, dust was a dynamic tracer only without affecting the
radiation. In the remaining three experiments, radiative forcing by dust was taken into
consideration. The single scattering albedo of far-traveled Saharan dust particles (o)
was prescribed in the first of these three experiments. It depends on the dust size and
the wavelength (1 pm size: @, = 0.86; 0.5 um size: wo = 0.92 at 0.55 um wavelength).
Hereafter, we are referring to this experiment as the “baseline experiment”. In the
remaining two experiments, the single scattering albedo was decreased or increased by
10%, representing more absorbing (0.9t¢) or reflecting dust (1.1wg), respectively, to
evaluate the sensitivity of the dust cycle to changing radiative properties of the dust
particles. For the more reflecting case, the dust single scattering albedo was capped at
1.0. The first year of model output was discarded to eliminate trends associated with

spin-up, after which 26 years were simulated in each experiment.

3. Sensitivity of the Soil Dust Emission
3.1. Some Remarks About the Approach

Within a source region, dust emission is favored by high surface winds and
evaporation exceeding precipitation over an extended period of time. Changes in the
wind speed, that change the dust emission can occur over various space and times
scales. These can be local phenomena which affect the variability in short time scales,

or changes in the large-scale quasi-stationary patterns of the circulation.
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To identify the processes that change dust emission in the main source regions, we
calculated the local correlation coefficients between the monthly averaged dust source
flux and other variables. These variables were the monthly averaged number of wind
events above the threshold velocity for dust emission (n;), the monthly averaged wind
speed (v), the magnitude of the monthly averaged horizontal wind vector (||¥]|), and
the monthly averaged difference of precipitation and evaporation (P — E). We expected
the highest correlations between the dust source flux and n,. v includes fluctuations
at short and long time scales, since it is calculated from the horizontal wind vector at
each time step. By calculating the magnitude of the monthly averaged wind vector ||V|],
changes in wind speed on a short time scale are averaged out. Hence, changes in ||V||
can be interpreted as changes in the circulation on a monthly or longer time scale. We
expect less correlation between this variable and the dust source flux, compared to the
correlation between the dust source flux and both ni. and v. In this section, we discuss
the cause of changes in the patterns of dust emission obtained in our experiments. We
are interested in the seasonal mean of the changes in the variables. Thus, differences are
shown for the seasonal average (December/January/February — DJF; March/April/May
-~ MAM; June/July/August — JJA; September/October/November — SON; annual
values — ANN). However, calculating a correlation between the seasonal averages of two
variables can lead to misinterpretation, because anomalies in time from the seasonal
average can be caused by anomalies in different months of a season. Those would lead
to a faulty positive (or negative) correlation coefficient. Therefore, the correlations were

calculated using the monthly averages of the variables to minimize such source of error.
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The correlation between P — E and the dust source flux was also calculated because
this difference is a constraint upon the dust source flux. However, we did not find any
significant correlation between changes in P — E and changes in the dust source flux.
Changes in this constraint have only a little effect on the dust source flux variability

with respect to its sensitivity to the single scattering albedo of dust particles.

3.2. Global Dust Emission

In the AGCM experiment in which dust is a dynamic tracer with no radiative
effect, the globally averaged dust emission is 1312+ 97 Mt yr~! (mean plus or minus one
standard deviation based on yearly means). This amount is about 40% larger than the
emission obtained from a similar experiment carried out in a former study with the 9
layer GISS GCM [experiment A in Tegen and Miller, 1998]. The difference is caused by
higher wind speeds at the surface using the 12 layer version of the model for the current
study. Nevertheless, the value is within the range of other estimates which are widely
separated [see Duce, 1995).

A comparison of the total dust emission in the various experiments is given in
Table 1. The time mean and the interannual standard deviation are presented both for
the entire year and the individual seasons. In the experiment with radiatively inactive
dust, the reference experiment, the emission shows a maximum in Northern Hemisphere
(NH) spring and summer, and a minimum in autumn. In the experiments including the
radiative effect of dust, the yearly emitted amount of dust is about 15 to 20% lower than

in the reference experiment. In the course of the year, the reduction varies both with
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the season and the prescribed single scattering albedo. In winter, the largest decrease
is found for more absorbing dust, whereas in summer, the largest decrease is found for
more reflecting dust. There is also a tendency of decreased interannual variability in the

experiments which include the radiative effect of dust.

3.3. Saharan/Sahelian Source Region

The largest contribution to globally emitted dust is from the Saharan/Sahelian
source region (Table 2). This regions emits 592 & 55 Mt yr~! of dust in the reference
experiment. This value is reduced by 12 to 15% in all experiments which include the
radiative effect of dust. However, this reduction occurs in different season depending on
the particle single scattering albedo. During NH winter, dust emission is most reduced
for more absorbing dust, whereas for summer, dust emission is most reduced for more
reflecting dust.

Plate 1 displays the horizontal distribution of the seasonally averaged dust source
flux (numbers) and surface wind vector (arrows) in the Saharan/Sahelian region in
NH winter of the reference experiment, along with changes in the experiments with
radiatively active dust. In addition, correlations (shades) between source flux and |7
are shown. For the reference experiment, the correlations were calculated between
the absolute values of the variables using monthly values from this season. For the
experiments with radiatively active dust, they were calculated between the responses
with respect to the reference experiment. All correlation coefficients of colored grid

boxes in this plate and the plates of the other source regions are statistically significant
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(t-test) at a confidence level of 95% or greater.

During NH winter in the reference experiment, the Sahel region along with the
western and eastern Sahara most contribute to the total dust emission in North Africa.
The emission is positively correlated with ||V]] which is related to the trade winds in this
region, in particular in western Sahara and the Sahel region.

For more absorbing dust, the strong decrease in dust emission relative to the
reference experiment is mainly found in the eastern part of the Saharan /Sahelian source
region, whereas there is actually an increase in the emission in northwestern Sahara.
Some positive correlation between the change in the dust source flux and the change in
the quasi-stationary circulation is found both in northwestern Africa and in the eastern
Sahel. The visual examination of the difference vector of the seasonally averaged surface
wind indicates an increase and decrease, respectively, in the trade winds in these both
regions. In the other two experiments with radiatively active dust, the winter changes in
the dust source flux are generally smaller. The grid boxes in western Africa where the
source flux increases have only a minor contribution to the total source flux in North
Africa.

During NH summer in the reference experiment (Plate 2), the largest contribution
to the dust emission in North Africa originates from the northeastern and eastern
part. In this region, the dust source flux is positively correlated with the large scale
circulation, in particular with the Indian monsoon flow over eastern Africa.

In the experiments with radiatively active dust, dust emission in the Saha-

ran/Sahelian source region is most reduced in the experiment with more reflecting dust
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(see Table 2), because of a significant decrease in the emission in northeastern Africa,
In several grid boxes, where an evident change in the dust source flux is found, those
changes are positively correlated with changes in ||¥||. The visual examination of the
stationary wind vector reveals that these changes are linked to changes in the Indian
monsoon circulation. For more absorbing dust, the monsoon induced flow is strongly
enhanced, whereas for more reflecting dust, the Indian monsoon is weakened. In both
cases, this leads to a specific pattern of changes in the dust emission. In the baseline
experiment, a slightly strengthened monsoon is found. Especially for more reflecting

dust, the decrease in the Indian monsoon causes the strong decrease in the emitted

dust integrated over the whole region. However, the correlations between changes in

the monthly averaged dust emission and changes in v, which were also calculated, are
evidently higher and statistically significant in more grid boxes than the correlations
between changes in the source flux and changes in ||¥||, indicating that the changes in
dust emission cannot only be explained by changes in the large-scale quasi-stationary
circulation. Processes with short time scales also seem to have an important effect on

the changes in the dust emission in North Africa.

3.4. Arabian Peninsula’s Source Region

The dust emission from the Arabian peninsula has two peaks, one in winter and
the other one in summer (Table 2). In the reference experiment, the total amount of
the yearly emitted dust is 56.5 £ 11.9 Mt yr~!. For more absorbing dust, this amount

is about 10% higher, but for more reflecting dust about 20% lower, a difference that
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can be attributed mainly to the NH summer months. In the other seasons, there is a
tendency of a reduced dust emission for all experiments with radiatively active dust.
The largest part of the dust amount emitted from the Arabian peninsula in the
reference experiment originates along the Yemeni coast (Plate 1 and Plate 2). An
additional amount comes from a grid box at the head of the Persian gulf.
In the experiments with radiatively active dust, the main changes in the emission
are found in NH summer (Plate 2). The emission increases both at the head of
the Persian gulf and the Yemeni coast for more absorbing dust and, with a smaller
magnitude, in the baseline experiment, whereas it decreases at these grid boxes given
more reflecting dust. These changes are positively correlated with changes in II¥]|. They
are related to an enhanced (diminished) Indian monsoon circulation for more absorbing

(reflecting) dust.

3.5. Central Asia’s Source Region

Here, Central Asia is defined as the region around the Caspian sea and the Aral
sea. Central Asia’s dust emission in the reference experiment shows a strong annual
cycle with a maximum of 107 & 40 Mt 3mo~! in NH summer and a minimum of only
54 3 Mt 3mo~! in winter (Table 2). The yearly emission amounts to 211 £ 58 Mt yr~!,
which is reduced in each experiment with radiatively active dust. This reduction
increases with increasing single scattering albedo from 36 Mt yr~! for 0.9z to 72 Mt yr~*
for 1.1wg, largely as a result of differences during the NH summer months.

Plate 3 displays the horizontal distribution of the dust emission in the reference
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experiment during Northern Hemisphere summer, its changes in the experiments with
radiatively active dust, and its correlation with the surface wind speed. In the reference
experiment, the main areas of dust emission are located north of the Caspian sea and
east of the Aral sea. North of the Caspian sea, dust emission is smaller in all experiments
that include radiatively active dust. In contrast, the changes in the emission depend
on the single scattering albedo in the Aral sea region. There, the emission increases for
more absorbing dust, whereas they decrease for more reflecting dust. There is some
positive correlation of these changes with changes in the surface wind speed, which
increases (decreases) in this region, in particular southeast of the Aral sea, for more
absorbing (reflecting) dust. In many grid boxes, there is also a strong correlation of
the changes in the dust source flux with changes in the number of wind events above
the critical threshold velocity. In contrast, there are only uncertain results from the
correlation between dust emission and large-scale circulation. Generally, these results
indicate that the described changes in the dust emission are mainly due to changes both

in mean wind speed and wind speed variability on shorter time scales.

3.6. China’s Source Region

China’s dust source region emits 55.2 + 21.5 Mt yr~! in the reference experiment
(Table 2). The largest amount is contributed during NH spring. In this season, a
maximum of 39.3+17.4 Mt 3mo~"! is found. In contrast, only little dust is emitted during
winter and autumn. The implementation of the radiatively active dust generally leads

to a reduced dust emission. In all seasons, except in winter, dust emission decreases
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with increasing particle absorptivity. The relative decrease in dust emission is largest
in summer. The annual emission is reduced by 35% and 13% for 0.9wg, and 1.1y,
respectively.

The horizontal distribution of dust emission in China’s source region and
correlations are not shown because of a lack of significance of the correlation between
the dust source flux and the other variables. In the reference experiment, the region
which mainly contributes to the total dust emission is located between 105° and 120°E
and 40° and 48°N. In particular during NH summer, when the relative reduction in the
emission is largest, few grid boxes with a positive correlation between changes in the
dust source flux and changes in the surface wind speed as well as in n,, are found. We
did not find any correlation with ||#||. This indicates that decreased dust emission in
China’s source region is mainly caused by processes with small time scales, and not due
to changes in the large-scale circulation. This dependence is similar to that in Central

Asia.

3.7. North America’s Source Region

1 in the reference

The dust emission in North America amounts to 114 & 42 Mt yr~
experiment (Table 2). In NH spring, the maximum amount is emitted corresponding to
44 + 21 Mt 3mo~". The emission in each of the other seasons is about half of this value.
In all seasons, less dust is emitted in the experiments that include the radiatively active

dust. The reduction of the annual total is between 12% and 33%.

Plate 4 displays the horizontal distribution of dust emission in the reference



19

experiment during NH spring, its changes in the experiments with radiatively active
dust, and its correlation with the surface wind speed. In the reference experiment,
dust emission is largest over the Great Plains. In particular in the southern part, dust
emission is positively correlated with the surface wind speed.

In the experiment with radiatively active dust, dust emission is reduced in the
southern part. In this region, it increases with increasing particle absorptivity (as in
China). These changes show some positive correlation with changes in the surface wind
speed, in particular for more absorbing dust and in the baseline experiment. In addition,
there is an even stronger correlation with the number of wind events. In the northern
source region, there is also a tendency of reduced emission in all experiments with
radiatively active dust, but with no clear dependence on the particle single scattering
albedo. We did not find any correlation between changes in the dust emission and
changes in ||¥]|. This indicates that the reduction in the dust emission is mainly due to
processes with short time scales related to a decrease both in the wind speed and its

variability.

3.8. Australia’s Source Region

Australia’s dust emission amounts to 225 4 54 Mt yr~! in the reference experiment
(Table 2). Almost half the amount is contributed during Southern Hemisphere (SH)
summer. The minimum in the annual cycle is found during SH winter. In the
experiments with radiatively active dust, the yearly averaged emission is about 20%

lower in the yearly average. In the various seasons, the decrease ranges from 11 to
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27% without any clear dependence on either the particle single scattering albedo or the
season.

In Plate 5, the horizontal distribution of the dust source flux in the reference
experiment, its changes in the experiments with radiatively active dust, and its
correlation to the surface wind speed in Australia during SH summer are presented. In
the reference experiment, dust is emitted over the whole central part of Australia with
a maximum from a grid box located along the southern coast. The dust source flux is
positively correlated with the surface wind speed where maximum emission is found.

A significant decrease in dust emission is found in all of the experiments that
include the radiative effect of dust. The changes in the dust emission are positively
correlated with changes in the surface wind speed. There is a more evident correlation
of the change in the dust source flux with a change in the number of wind events above
the critical threshold velocity. We did not find any correlation between the changes in
the emission and changes in ||¥||. Also in this region, changes in emission seem mainly
be caused by changes in the mean wind speed and changes in the wind speed variability
on a short time scale.

In this section, we have analyzed how the dust emission changes, if the radiative
effect of dust is taken into consideration in the model. In summary, we have shown
that this radiative effect leads to a reduced dust source flux into the atmosphere for the
global average in all season and for almost all main dust source regions. In general, this
indicates a negative feedback of dust radiative forcing upon dust emission. The amount

of the reduction varies both with the season and with the single scattering albedo of
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dust particles, depending on the region where dust deflation takes place. During winter
in each hemisphere, in all regions with significant deflation, the reduction is larger for
more absorbing than for more reflecting dust. During summer, this trend is generally
reversed — the reduction in emission is larger for more reflecting dust, apart from China
and North America.

In the Saharan/Sahelian source region, and in the Arabian peninsula, we found
a positive correlation, which is statistically significant, between changes in the dust
emission and changes in the magnitude of the monthly averaged surface wind vector
which represents large-scale circulation patterns. In winter, changes in the dust source
flux are related to changes in the trade winds, whereas in summer, they are related to

changes in the Indian monsoon circulation.

4. Dust Concentration in the Experiments

The global mean and standard deviation of dust concentration in the various
experiments are presented in Table 3; the atmospheric dust load has features which are
similar to those of the dust emission. In the reference experiment, the annual and global
mean dust concentration averaged over all layers amounts to 3.71 + 0.25 ugkg™!. The
dust load has its maximum in NH spring and summer, and its minimum in autumn.
In the experiments that includes the radiative effect of dust, the yearly averaged dust
concentration is reduced. The reduction ranges from 13 to 21%, varying according to
season and prescribed single scattering albedo. In winter, the largest decrease is found

for more absorbing dust, whereas in summer, the largest decrease is found for more
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reflecting dust. There is also a tendency toward decreased variability in the experiments
that include the radiative effect of dust.

The horizontal distribution of dust concentration in the reference experiment
during NH winter and summer, and its changes in the experiments with radiatively
active dust are presented in Figure 1 and Figure 2, respectively. The changes relative
to the reference experiment were tested for statistical significance using Student’s t-test.
The changes at a confidence level of 95% or greater are shown by shaded areas in the
pictures.

In the reference experiment in NH winter (Figure 1a), a dust cloud is located over
North Africa extending over the tropical Atlantic. The maximum is located over the
southern part of North Africa. Another major dust cloud is located over Australia, and
a minor maximum of the dust concentration is found over North America.

The change in the dust concentration due to radiative effect of dust evidently varies
over the various dust source regions depending on the season and the single scattering
albedo. In winter, the dust concentration shows its strongest reduction of 20-30% over
the Saharan/Sahelian source region in the experiment with more absorbing dust. In
contrast, the dust concentration over this region is larger with increased single scattering
albedo. This corresponds to enhanced dust emission in this region. Another source
region which is perturbed by dust radiative forcing during NH winter is located in
Australia. There, dust emission and concentration are reduced by 20-30% for radiatively
active dust for all three values of the particle single scattering albedo of dust.

In summer (Figure 2), in contrast to winter, the strongest reduction of the
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dust concentration is found in the experiment with more reflecting dust over the
Saharan/Sahelian source region, and, additionally, over the Arabian peninsula and
Central Asia which are also important source regions in this season. There, the dust
load is about 50% lower in comparison to the reference experiment. In the experiment
with more absorbing dust, this reduction is much smaller. Over the Arabian peninsula
and north-eastern Africa, even an increase in the dust load is found. In contrast, the
dust concentration decreases more strongly for more absorbing dust than for more
reflecting dust over North America and China, although these are minor dust source
regions in summer.

In NH spring and autumn, the changes in dust concentration as a result of dust
radiative forcing show a transition state between the winter and summer change
patterns. Despite the changes in the dust concentration, seasonal features like the
spring maxima of the dust emission in North America and China are preserved in the
experiments that include the radiative effect of dust.

In all seasons, the dust concentration is higher (lower) in high and mid-latitudes
in low dust regions in the experiment with more absorbing (reflecting) dust. These
changes are statistically significant because of a very small variability in the dust
concentration in those regions. This response in the experiments with radiatively active
dust could be caused by a longer (shorter) persistence of very small dust particles in
the atmosphere due to a decreased (increased) deposition. Another possibility is an
intensified (weakened) transport into the low dust regions.

We also compared the seasonal interannual variability by examining the standard
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deviation of the dust concentration in the experiments. The experiments with radiative
effect of dust do not differ significantly to another. However, there are some differences
to the reference experiment.

In Figure 3, the standard deviation of the dust concentration during NH winter
and summer, respectively, is presented for the reference and the baseline experiment.
The interannual variability of the dust concentration is high, with a standard deviation
20 to 50% of the mean. In winter, the maximum values of the standard deviation are
evidently smaller over the main dust source regions for radiatively active dust. The
decrease amounts to about 30% and 50% over North Africa, and Australia, respectively.
In the areas with low dust concentration, the interannual variability is similar for all
experiments.

In contrast, the maximum NH summer values of the standard deviation do not
significantly decrease in the baseline experiment. Over the Aral sea source region, even
an evident increase which amounts to about 40% is found. A similar result was also
obtained for more absorbing dust, whereas the interannual variability decreases in this
region for more reflecting dust. In spring and autumn, the dust response resembles
the results for winter. Changes in the seasonal interannual variability seem to reflect
features of the changes in the seasonal long time averages. Where a decrease in the
mean dust concentration is found there is also a tendency to a decreased variability and

vice versa.
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5. Comparison to AVHRR Satellite Data

5.1. Some Remarks About the Approach

To evaluate the model capability to reproduce the observed dust load in the
atmosphere and its interannual variability, we compared the dust optical thicknesses
from the experiments to satellite retrievals derived from the National Oceanic and
Atmospheric Administration (NOAA) advanced very high resolution radiometer
(AVHRR) instrument [Rao et al., 1988; Stowe et al., 1997; Husar et al., 1997]. These
data are available for the years 1982 to 1992 and 1996/97. Model dust extinction optical
thicknesses are calculated according to Tegen and Fung [1994]. Such a comparison of
modeled and satellite derived optical thickness is not straightforward. In the AVHRR
satellite retrievals, dust is assumed to be totally reflecting. Thus, the retrievals provide
a lower limit of the dust optical thickness in regions with high dust concentration,
particular for more absorbing dust. For more reflecting dust, we can expect a closer
agreement between modeled and measured optical thickness. In regions with low dust
concentration, other aerosol types can significantly contribute to the optical thicknesses
of the retrievals. There, the modeled optical thicknesses are expected to be lower than
the satellite retrievals.

Another source of comparison uncertainty is the different size distributions of
aerosol particles assumed by the AVHRR satellite retrievals [Stowe et al., 1997] and the
model. In the model, dust aerosol size distributions are calculated dynamically and

vary with each grid box, whereas fixed sizes are assumed for satellite retrievals. An
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additional complication is particle nonsphericity, which is not taken into consideration
in the model. The comparison is also limited by the fact that the AVHRR retrievals
only cover optical thicknesses over sea.

Despite these uncertainties, a comparison of the model results to the retrievals is
a useful approach to identify regions where the model results are inconsistent with the
observations, even if only a coarse evaluation is possible. As a consequence, we cannot

distinguish which experiment best represents the observations.

5.2. Comparison of the Mean Optical Thickness

In Figure 4, the differences between the mean optical thickness from the baseline
experiment and from the AVHRR satellite are presented for NH winter, spring, and
summer. To focus on features related to high optical thickness, these differences are
only shown where the optical thickness is larger than 0.2 in the observations or in the
experiment. In NH autumn, the dust optical thickness in the experiments is lower
than 0.2 over all sea points. For that reason, this season has not been included in the
evaluation.

In NH winter, the simulated dust optical thickness offshore the western coast of
North Africa between 20°N and 30°N is about 0.1 higher than in the observations.
This difference increases with decreasing single scattering albedo of dust and vice
versa. Other aerosols than soil dust do not significantly contribute to the total optical
thickness in this region [Tegen et al., 1997). Therefore, the observed optical thickness

should in this region be a lower limit considering dust absorption. Regarding that the
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dust load in this region does not change much with the radiative effect of dust in our
various experiments, the simulated optical thickness is consistent with the observations.
In contrast, in NH spring, the optical thickness in this region is overestimated in the
experiments compared to satellite data, although, for radiatively active dust, the results
are closer to observations than for radiatively inactive dust.

In NH winter and spring, over the equatorial Atlantic, carbonaceous aerosols
significantly contribute to the total optical thickness [Liousse et al., 1996; Penner et al.,
1998] so that the observed optical thickness should be higher than the simulated one.
Therefore, the results of our experiments are not inconsistent with the observations.

In NH spring, the lower optical thickness east of the Chinese coast in the
experiments is consistent with the observations, because China’s deserts are an
evident dust source during this season. In addition, sulfate and carbonaceous aerosols
significantly contribute to the observed optical thickness in this region [Tegen et al.,
1997; Penner et al., 1998; Tegen et al., 1999]. The Indian subcontinent and the eastern
Mediterranean are located at the edge of the dust cloud. These regions are also
influenced by industrial aerosols. Thus, the lower optical thicknesses simulated in these
regions are consistent with the observed ones.

In NH summer, in the areas with maximum dust concentration over the Arabian
sea and Central Asia (represented by one grid box at the Caspian sea), the simulated
optical thickness in the baseline experiment is higher by more than 0.4 compared to
the observations, indicating an overestimation in the model, or an underestimation in

the satellite retrievals. In contrast, further away from the center of the dust cloud,
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over both India and the eastern Atlantic around 10°N, the dust optical thickness in the
experiments is lower by more than 0.2 compared to the observations. This difference is
more (less) negative for more absorbing (reflecting) dust, in particular over India. Since
this region is also influenced by sulfate and carbonaceous aerosols, the simulated optical
thickness is not inconsistent with the observation.

The atmospheric dust load in the model is evidently overestimated offshore western

Australia during SH summer.

5.3. Comparison of the Interannual Variability

To evaluate the model capability to reproduce the interannual variability of the
dust load in the atmosphere, we also compared the standard deviation of the seasonally
averaged values.

An example, which is representative for all seasons, is the ratio of the standard
deviation in the baseline experiment to the satellite data, shown in Figure 5 for the NH
summer season. In regions with high dust optical thickness like in the Arabian sea,
the model tends to overestimate the standard deviation compared to the observations,
especially if the mean optical thickness is also overestimated. In contrast, in regions
with low optical thickness, the simulated variability is evidently lower than the observed
one. In the latter case, this could be explained by the neglecting of other aerosol types,

which have a strong influence in those regions where the dust aerosol optical thickness

is low.
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6. Globally Averaged Climate Response

For all seasons, the global mean of some climate variables in the reference
experiment, and their changes in the experiments with radiatively active dust are
presented in Table 4. Regional variations will be described in a future article.

In the baseline experiment, the perturbation of net radiation due to radiative
forcing by dust is about —0.4 Wm~2 at TOA and —1.7 W m~2 at surface. That is, the
main effect of soil dust aerosols is to redistribute radiative heating from the surface
to the atmospheric column. This well agrees with the results obtained by Miller and
Tegen [1998]. Compared to those, however, the response is less negative at surface and
corresponds to greater cooling at TOA. Miller and Tegen [1998] studied the climate
response using a prescribed distribution of the dust concentration and the 9 layer
version of the GISS AGCM coupled to a mixed layer ocean model. Thus, the difference
in the response could represent differences in the model, especially in the treatment of
the ocean, or it may represent a measure of the uncertainty of model estimates of dust
radiative forcing.

Both at TOA and surface, a negative anomaly by solar radiation is counteracted by
a smaller positive anomaly by thermal radiation. In the annual average in both spectral
ranges, the effect at surface is about four times the effect at TOA. The difference
between top and surface anomaly is largest during NH summer and smallest during
winter. The perturbation of absorbed solar radiation has an evident annual cycle with

a minimum of 0.9 Wm™2 in autumn and a maximum of 2.0 Wm~2 in summer. This
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corresponds to different dust concentrations in the atmosphere in these two seasons (see
Table 3).

Higher absorptivity of the dust particles additionally decreases the net radiative
flux at surface, and increases the radiative gain at TOA compared to the baseline
experiment. Higher reflectivity has a reversed effect. The globally averaged solar
radiation at surface is very sensitive to the particle single scattering albedo, in particular
during NH summer. This is related to a strong sensitivity of the absorbed solar radiation
in the atmospheric column; the absorbed solar radiation due to the radiative dust effect
is in the case of more absorbing dust 2.25 times the value of the baseline experiment, and
12 times the value of the experiment with more reflecting dust. The emitted thermal
radiation at surface more decreases with increased absorptivity due to larger cooling at
surface under the dust cloud. In contrast, the anomaly of backscattered solar radiation
at TOA decreases with increased absorptivity (i.e. decreased reflectivity) of the dust
particles.

Even during NH winter, when the dust concentration is most reduced for more
absorbing dust compared to the other experiments with radiatively active dust (see
Table 3), the anomaly of absorbed solar radiation is largest in this experiment. In
addition, during NH summer, the negative anomaly of solar radiation at TOA is largest
in the experiment for more reflecting dust, indicating a stronger backscattering effect,
although the dust concentration is most reduced here. That is, the direct effect of
the changed radiative forcing due to variations in the single scattering albedo of dust

particles (maybe combined with an effect due to changes in total cloud cover) dominates
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the effect of the changed optical thickness due to the sensitivity of the atmospheric dust
concentration to the single scattering albedo of dust particles.

Other variables are also sensitive to the radiative properties of dust particles. The
globally averaged sensible heat flux at surface, which is negative, significantly increases
with higher absorptivity. The surface net heating shows a negative response to the
radiative effect of dust. The decrease which is larger for more reflecting than for more
absorbing dust indicates that the radiative effect of dust tries to cool the surface.
However, the lower boundary condition was prescribed in our experiments so that the
SST cannot adapt to the surface net heat flux. For this reason, the global averaged
surface air temperature is not listed in Table 4.

Both precipitation and evaporation decrease in the experiments that include the
radiative effect of dust, in particular for more absorbing dust. The total cloud cover
shows a slight tendency of increase (decrease) for more absorbing (reflecting) dust,
except in NH summer. In this season the cloud cover diminishes in all experiments that

include the radiative effect of dust.

7. Summary and Conclusions

Four experiments with a soil dust model embedded in the NASA/GISS AGCM
were carried out. In one of them, dust was a passive tracer whose radiative effect was
omitted. In the others, dust radiative effect was allowed to influence the model climate.
The size and wavelength dependent single scattering albedo of far-traveled Saharan dust

was prescribed in one of those experiments. However, dust optical properties should
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vary with the mineralogical content of the source region. To estimate the importance
of this effect, without undertaking the computational burden of parameterizing each
source region individually, we repeated the experiment with radiatively active dust, this
time increasing or decreasing by 10% the single scattering albedo of the dust particles.
According to Sokolik and Toon [1999)], this is a reasonable range of variability. In this
paper, results have been presented both for the dust emission and the dust concentration
in the atmosphere. The total dust deposition which also represents a part of the soil
dust cycle has not been presented here, because the resulting changes in this variable
are consistent with the results for emission and concentration.

The implementation of the radiative effect of dust into the model generally led
to reduced soil dust emission and concentration on a global scale compared to the
experiment where dust is transported as dynamic, but radiatively inactive tracer. That
is, there is a negative feedback in the climate system due to the radiative effect of dust
which counteracts the emission of soil dust. The reduction varies with the radiative
properties of dust. During NH winter, the strongest decrease is found for more absorbing
dust, and during summer, the strongest decrease is found for more reflecting dust.

The detailed analysis of the emission in the various main dust source regions showed
that the reduction varies both with the season and the radiative properties of dust
particles. In NH winter, lowering (raising) the single scattering albedo by 10% led to a
reduced (increased) dust emission in the Saharan/Sahelian source region, compared to
the baseline experiment. In contrast, in NH summer, the reduction is smallest (largest)

for more absorbing (reflecting) dust. In summer, a similar sensitivity was found for
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Arabian peninsula’s source region and the region around the Aral sea. In both regions,
even an increase in the emission was found for more absorbing dust, compared to the
experiment with radiatively inactive dust. In contrast, in all seasons, the dust emission
in China’s source region is more (less) reduced for more absorbing (reflecting) dust
than in the baseline experiment. A similar dependence on the single scattering albedo
was found for North America’s source region, in particular for its southern part. For
Australia’s source region, in SH summer, there is not any clear dependence of the
emission on the radiative effect of dust particles.

We studied the relation of the changes in the dust emission to the changes in the
surface wind for each season using correlation coefficients calculated from monthly
averaged values. For the Saharan/Sahelian source region, and the Arabian peninsula, we
found an evidently positive correlation between dust emission and large scale circulation
features represented by the magnitude of the monthly averaged surface wind vector.
During NH winter in our experiments, the dust emission and its change with varying
radiative properties of dust is related to the trade winds over the Saharan/Sahelian
area. In summer, a relation to the Indian monsoon circulation was found in the eastern
Sahara and the Arabian peninsula. The increase (decrease) in the dust emission from
the Arabian peninsula for more absorbing (reflecting) dust is connected to an increased
(decreased) monsoon circulation. In the case of other dust source regions, we did not
find a relation of the emission to large-scale circulation patterns, but to the mean
surface wind speed which is based on daily values. That indicates that processes with

short time scales related to a high variability mainly determine the changes in the dust
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source flux in most source regions.

The changes in the mean dust concentration in the atmosphere both due to
the implementation of the radiative effect of dust and the variation in the radiative
properties of dust are consistent with the results in the dust emission. For all seasons,
we also compared the standard deviations of the seasonally averaged dust concentration
in the various experiments to examine the interannual variability in the model. During
all seasons, the variability decreases in the regions with maximum dust concentration in
all experiments with radiatively active dust compared to the experiment with inactive
dust, if the long-time mean of the concentration also decreases. In NH summer, the
variability increases over the Arabian peninsula and Central Asia, if the radiative
effect of dust is implemented, in particular for more absorbing dust and in the baseline
experiment.

To evaluate the model capability to reproduce the average dust concentration and
the interannual variability in all season, we compared the optical thickness simulated in
the experiments to the observations from AVHRR satellite data. The simulated optical
thickness well agrees with the observed one in NH winter over the North Atlantic,
indicating a reliable dust concentration in the model in this region. Results which also
are not inconsistent with the observations were obtained for the ocean regions east of
China during NH spring and over India during spring and summer. In contrast, the
model seems to overestimate the dust optical thickness over North Africa during spring,
over the Arabian peninsula and Central Asia during summer, and over Australia during

SH summer. However, since the satellite retrievals used for this comparison are based on
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a single channel algorithm and therefore necessarily assume aerosol properties (some of
which are more appropriate for sulfate than dust aerosols), this comparison is somewhat
ambiguous.

The model tends to overestimate the interannual variability in regions with high
dust optical thickness compared to satellite data, in particular if the mean optical
thickness is also overestimated. In contrast, in regions with low optical thickness, the
simulated variability is evidently lower than the observed one. The latter result might
be related to an underestimated transport of fine particles by the model to regions far
the sources, but is probably due to the fact that the satellite retrieval is determined by
other aerosol types in those regions with low dust concentration.

In the baseline experiment, the dust aerosols had the radiative properties of
far-traveled Saharan dust particles. However, the conclusion from our sensitivity
experiments is that specifying the radiative properties appropriate for individual source
regions might improve the simulated dust emission because of the different sensitivity
of the soil dust emission to changing radiative features of dust. For this, variations in
the mineralogical composition of dust need to be taken into account [Sokolik and Toon,
1999; Claquin et al., 1999].

Corresponding to the sensitivity of the soil dust cycle, we also found a sensitivity
of various climate variables, like TOA and surface radiation, temperature, precipitation,
cloud cover and circulation to the radiative properties of dust particles. The sensitivity
of the globally averaged climate variables we showed here is dominated by the direct

effect due to the radiative properties of the dust particles (maybe combined with an
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effect due to changes in total cloud cover), which generally overwhelms the effect of the
changed optical thickness due to the sensitivity of the atmospheric dust concentration
to the dust radiative forcing. The sensitivity of the climate response will be described
in more detail in a companion paper. The effect on trade winds in North Africa and
Indian monsoon circulation has already been a part of the analysis presented here.

The experiments described in this paper were carried out with a prescribed SST.
The next step will be to repeat these experiments using the NASA/GISS AGCM coupled
to a mixed layer ocean. In this way, we want to examine whether the results are robust,
if the SST itself is calculated and the energy fluxes depending on it are included in the
system of feedbacks. Since dust emission is generally a weak function of the large-scale
circulation, which might be changed given calculated SST, we do not expect significant
differences to the results from our experiments presented here. In addition, Miller and
Tegen [1998] who compared the results of experiments using a mixed layer ocean to
those using a fixed SST for a prescribed atmospheric dust concentration found only
small differences in the land temperature response. The main difference in the responses
was found for precipitation.

To assess the magnitude of the full feedback between dust cycle and climate
response, it will be desirable to repeat such model experiments with the atmospheric

GCM coupled to a dynamic ocean.
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Table 1. Global mean and standard deviation (STDV) of emitted dust in
[Mt 3mo~1] and [Mtyr~'], respectively, in the experiment with radiatively
inactive dust (R: reference), and in the experiments with radiatively active
dust for more absorbing (0.9wy), baseline (wp), and more reflecting dust

R ngO ™o 1.1‘570

Season Mean STDV Mean STDV Mean STDV Mean STDV

DJF 341 52 271 43 300 42 299 34
MAM 385 46 300 34 318 49 320 43
JJA 358 62 341 40 320 56 278 37
SON 228 43 170 25 182 36 176 29

ANN 1312 97 1081 71 1120 88 1073 68
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Table 2. Mean and standard deviation (STDV) of dust emission in
[Mt 3mo~!] and [Mtyr~!], respectively, from source regions in the experi-
ment with radiatively inactive dust (R: reference), and in the experiments
with radiatively active dust for more absorbing (0.9w,), baseline (w,), and

more reflecting dust (1.1w,).

Sahara/Sahel’s Dust Emission

R ngO Wy 11@0

Season Mean STDV Mean STDV Mean STDV Mean STDV

DJF 186 35 145 37 164 30 176 29

MAM 196 37 158 24 166 32 169 31

JJA 152 38 155 31 138 30 125 23
SON o8 15 44 15 47 15 48 14
ANN 992 55 501 53 o17 94 519 42

Arabian Peninsula’s Dust Emission

R ng() ™o 11@0

Season Mean STDV Mean STDV Mean STDV Mean STDV

DJF 20.0 70 179 70 193 6.4 195 6.1
MAM 9.1 3.7 6.4 3.2 6.6 2.7 6.3 3.1
JJA 21.3 8.7 321 159 222 82 131 4.6
SON 6.3 3.5 6.1 3.1 5.1 24 6.7 4.0

ANN 96.5 119 624 174  53.2 11.8  45.7 9.4
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Table 2. (continued)

Central Asia’s Dust Emission

R 0.9 o 1.1w9
Season Mean STDV Mean STDV Mean STDV Mean STDV
DJF 5 3 4 3 6 5 6 5
MAM 62 31 48 24 47 26 43 18
JJA 107 40 100 37 93 55 69 22
SON 37 25 24 23 25 19 22 12
ANN 211 58 175 56 169 63 139 25

China’s Dust Emission

R 0.9 ™o 1.1wy
Season Mean STDV Mean STDV Mean STDV Mean STDV
DJF 1.8 1.7 1.4 1.3 2.1 2.6 1.4 1.4
MAM 39.3 174 289 11.9 30.2 12.0 345 13.8
JJA 11.4 6.3 4.2 4.5 7.7 5.1 9.2 5.1
SON 3.0 2.9 1.6 2.4 2.9 2.5 3.1 2.9
ANN 55.2 21.5 359 12.3 426 13.5 478 14.4
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Table 2. (continued)

North America’s Dust Emission

R 0.9 (o 11w
Season Mean STDV Mean STDV Mean STDV Mean STDV
DJF 24 11 17 7 20 9 15 6
MAM 44 21 31 14 38 16 35 16
JJA 22 13 13 9 17 9 18 9
SON 25 15 15 9 26 14 18 8
ANN 114 42 76 21 100 25 86 25

Australia’s Dust Emission

R 0.9z Wy 1.1wg
Season Mean STDV Mean STDV Mean STDV Mean STDV
DJF 100 34 82 18 83 21 77 17
MAM 27 13 21 6 23 8 24 8
JJA 22 8 16 6 18 9 19 9
SON 75 27 59 17 55 20 55 19
ANN 225 54 179 28 180 36 175 25
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Table 3. Global mean and standard deviation (STDV) of dust concentra-
tion [ug kg~!(Air)] averaged over all layers in the experiment with radiatively
inactive dust (R: reference), and in the experiments with radiatively active
dust for more absorbing (0.9z), baseline (), and more reflecting dust

R OQWQ Wy l.l'lD()

Season Mean STDV Mean STDV Mean STDV Mean STDV

DJF 3.46 0.51 2.83 0.42 299 036 3.00 0.36
MAM 4.54 0.54 3.65 035 3.79 054 3.70 0.50
JJA 4.32 0.68 4.21 0.56 3.81 0.67 3.29 0.38
SON 2.53 047  2.28 0.27 202 0.27 181 0.27

ANN 3.71 025 3.24 0.22 315 0.26 295 0.19
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Table 4. Global mean of various climate vari-
ables in the reference experiment (R), and their
perturbations in the experiments with radia-
tively active dust for more absorbing (0.9z),

baseline (@), and more reflecting dust (1.1z).

Season R 09wy 1wy 1.lwy

TOA Net Radiation [W m™2

DJF 90+04 -02 -05 -07
MAM 0.5+04 02 -03 -0.8
JJA -86+04 -03 -05 -0.5
SON 34+03 -02 -04 -05
ANN 1.1+£02 -01 -04 -06

TOA Solar Radiation [W m™2]
DJF 2383+04 -03 —-06 -0.38
MAM 230.6 £0.4 03 -03 -0.8
JJA 2244+03 -0.0 -05 -0.7
SON 234.7+04 -04 -06 -07
ANN 2320+01 -01 -0.5 07
TOA Thermal Radiation [W m~2]
DJF  -229.3+0.2 0.1 0.1 0.1
MAM -230.1£0.2 -0.0 0.1 +0.0
JJA -233.0+02 -03 +0.0 0.2
SON -231.3+0.2 0.2 0.2 0.2

ANN -231.0£01 -0.0 0.1 0.1
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Table 4. (continued)

Season

R ngO wo

I.IWQ

Surface Net Radiation [W m~?

DJF

MAM

JJA

SON

ANN

1196+0.2 -23 -1.7

112.2+02 -26 -19

107502 -33 -2.0

1166+ 0.2 -19 -1.1

114.0+0.1 -25 -1.7

Surface Solar Radiation [W m~2]

DJF

MAM

JJA

SON

ANN

170.7+£04 -32 -20

164.3+04 -38 -2.2

1583+04 —-50 -25

168.0+04 -29 -15

1656.3+0.2 -3.7 -21

Surface Thermal Radiation [W m~2]

DJF

MAM

JJA

SON

ANN

-51.1+0.3 0.9 0.3

-52.1+£0.3 1.2 04

—-50.9+0.2 1.7 05

—-51.5+£0.2 1.0 04

—-51.4+0.1 1.2 04

-1.0

-1.3

-1.0

-0.7

-1.0

—-1.0

-1.1

—-1.0

-0.8

-1.0

+0.0

-0.2

-0.1

0.1

-0.0
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Table 4. (continued)

Season R 09wy wy 1.1w,
Surface Sensible Heat Flux [W m~2]
DJF  -23.0+£0.2 1.1 0.7 0.2
MAM -26.0+0.2 1.6 0.8 0.1
JJA -27.14+0.2 1.9 0.9 0.1
SON -23.7+0.2 0.9 0.4 0.1
ANN -25.0+0.1 14 0.7 0.2
Surface Net Heating [W m~2]
DJF 82+05 -02 -04 -0.6
MAM -214+04 -0.1 -05 -0.7
JJA -95+04 -02 -04 -06
SON 4.8+0.5 02 -03 -05
ANN 04+02 -01 -04 -06
Precipitation [mm day™!]
DJF 3.01+£0.02 -0.03 -0.02 -0.00
MAM 3.00+£0.02 -0.04 -0.02 -0.01
JJA 3.07£0.01 -0.04 -0.02 -0.01
SON  3.03+0.01 -0.04 -0.01 -0.00
ANN 3.03+£0.01 -0.04 -0.02 -0.01
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Table 4. (continued)

Season R 0.9z W 1.1
Evaporation [mm day ]
DJF 3.02+0.02 -0.03 -0.02 -0.00
MAM 3.01+£0.02 -0.03 -0.02 -0.01
JJA 3.07+£0.02 -0.04 -0.02 -0.01
SON 3.00£0.01 -0.04 -0.01 -0.00
ANN 3.03+0.01 -0.04 -0.02 -0.01
Total Cloud Cover [%]
DJF 51.44+0.2 0.2 -01 =01
MAM 50.2+0.2 01 -01 =03
JJA 514+02 -02 -00 -0.1
SON 51.1+0.2 0.4 0.2 +0.0
ANN 51.0£0.1 02 -00 -01
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Figure captions

Figure 1. Dust concentration [ugkg™'] averaged over all layers in NH winter. a) ref-
erence experiment; difference to reference experiment for b) more absorbing dust, c)
baseline experiment, and d) more reflecting dust. The light (dark) shades in b), ¢), and
d) indicate statistically significant decreases (increases) at a confidence level of 95% or

greater.

Figure 2. The same as in Figure 1, but in NH summer.

Figure 3. Seasonal standard deviation of the dust concentration [ugkg~!]. a) reference
experiment, and b) baseline experiment in NH winter; c), and d) same as a) and b), but
in summer.

Figure 4. Difference between dust optical thickness (7) in the baseline experiment and

AVHRR satellite data for a) NH winter, b) spring, and c) summer.

Figure 5. Ratio of the standard deviation of the optical thickness simulated in the base-
line experiment (SDTV(7s,)) to the standard deviation of the optical thickness derived

from AVHRR satellite data (SDTV(74y)) in NH summer.
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Plate captions

Plate 1. Dust source flux (numbers) [mgm~2d~!], surface wind vector (arrows) [ms™1],
and correlation (shades) between dust source flux and magnitude of the monthly averaged
surface wind vector in the Saharan/Sahelian source region and in Arabian peninsula’s
source region, respectively, in NH winter. a) reference experiment; difference to reference
experiment for b) more absorbing dust, c) baseline experiment, and d) more reflecting

dust.

Plate 2. The same as Plate. 1, but in NH summer.

Plate 3. Dust source flux (numbers) [mgm~=2d~!], and correlation (shades) between
dust source flux and surface wind speed in Central Asia’s source region in NH summer.
a) reference experiment; difference to reference experiment for b) more absorbing dust,

¢) baseline experiment, and d) more reflecting dust.

Plate 4. Dust source flux (numbers) [mgm=2d~!], and correlation (shades) between
dust source flux and surface wind speed in North America’s source region in NH spring.
a) reference experiment; difference to reference experiment for b) more absorbing dust,

c) baseline experiment, and d) more reflecting dust.

Plate 5. Dust source flux (numbers) [mgm~2d~!], and correlation (shades) between
dust source flux and surface wind speed in Australia’s source region in SH summer. a)
reference experiment; difference to reference experiment for b) more absorbing dust, c)

baseline, and d) more reflecting dust.
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